In the central nervous system a family of related (Na ؉ -K ؉ )-coupled glutamate transporters remove the transmitter from the cleft and prevent its neurotoxic actions. In addition to this coupled uptake, these transporters also mediate a sodium-and glutamate-dependent uncoupled anion conductance. Most models assume that the initial steps for both processes are the same, leading to the anticipation that both may exhibit a similar requirement for cations. In this study we have tested this idea in the neuronal glutamate transporter EAAC-1. We report that in this transporter lithium can replace sodium in the coupled uptake. Strikingly, the glutamatedependent gating of the uncoupled conductance mediated by EAAC-1 has a strict requirement for sodium; lithium cannot substitute for it. Moreover, we describe two mutants, T370S and G410S, in which the cation selectivity of the two processes is affected differently. In both mutants sodium, but not lithium, can support coupled transport. On the other hand, the sodium selectivity of the gated anion conductance in oocytes expressing the mutant transporters is not affected. Our observations indicate that although both the coupled and the uncoupled fluxes are sodium-dependent, the conformation gating the anion conductance is different from that during substrate translocation.
Glutamate is the predominant excitatory neurotransmitter in the central nervous system. Glutamate transporters remove the transmitter from the cleft and maintain its extracellular concentrations below neurotoxic levels (1) (2) (3) (4) (5) . In addition, at some synapses glutamate transporters play an important role in limiting the duration of synaptic excitation (6 -9) . Glutamate uptake is an electrogenic process (9 -11) in which the transmitter is cotransported with three sodium ions and a proton (3, 12) followed by countertransport of a potassium ion (13) (14) (15) . In addition to this coupled flux, glutamate transporters mediate a thermodynamically uncoupled chloride flux, activated by two of the molecules they transport: sodium and glutamate (16, 17) . This indicates the existence of a tight link between gating of the anion conductance and permeation of glutamate. It has been suggested that this capacity for enhancing chloride permeability could alter neuronal excitability (17) .
The five known eukaryotic glutamate transporters GLT-1 (18), GLAST-1 (19) , EAAC-1 (20) , , and EAAT-5 (21) have an overall identity of around 50%. The homology is significantly higher in the carboxyl-terminal half which has a non-conventional topology containing two reentrant loops, two transmembrane domains, 7 and 8, as well as an outward facing hydrophobic region (22) (23) (24) . Some of the features of the topology remain under debate as a different study assigns transmembrane domain 7 as a reentrant loop (25) . Two adjacent amino acid residues of GLT-1 located in transmembrane domain 7 and conserved in all the other glutamate transporters, tyrosine 403 and glutamate 404, are required for potassium binding (15, 26) . They also appear to be close to one of the sodium binding sites (15, 26) . We have suggested that this site may be formed by the invariant residues 396 -400 (26) . In the studies described here we have attempted to find evidence for this idea by analyzing conservative mutations of these residues in EAAC-1 (20) , which has better functional expression in Xenopus laevis oocytes than GLT-1. In this stretch, only mutant T370S (corresponding to position 400 of GLT-1) retained significant activity. The mutation causes a change in the selectivity for cations in coupled flux. During the in-depth study of the cation selectivity of transporter-mediated currents in the mutant and the wild type, we found that in wild type EAAC-1 the ion selectivity for the coupled flux is less stringent than that of the uncoupled chloride flux. This came as a surprise because in most models it is assumed that the sodium and glutamate binding steps for both processes are the same. Our observations indicate that the conformation gating the anion conductance is different from that during substrate translocation.
EXPERIMENTAL PROCEDURES
Generation and Subcloning of Mutants-Wild type EAAC-1 (20) with nine histidines added (27) , in the vector pBluescriptSK(-) (Stratagene), was used as a parent for site-directed mutagenesis (28, 29) . Briefly, the parent DNA was used to transform Escherichia coli CJ236 (dut Ϫ/Ϫ , ung Ϫ/Ϫ ). From one of the transformants, single-stranded uracil containing DNA was isolated upon growth in a uridine-containing medium according to the standard protocol from Stratagene using helper phage R408. This yields the sense strand, and consequently the mutagenic primers were designed to be antisense. Mutagenic primers were designed to contain the desired mutation and a diagnostic restriction site. Restriction enzymes PinAI and PflMI were used to subclone the mutations into the construct containing the His-tagged wild type EAAC-1 in pOG 2 (27) . The latter is an oocyte expression vector that contains a 5Ј-untranslated Xenopus ␤-globin sequence and a 3Ј-poly(A) signal. The coding and non-coding strands were sequenced between the above two restriction sites.
Expression and Uptake in HeLa Cells-HeLa cells were cultured in Dulbecco's modified Eagle's medium (Biological Industries, number 01-055-1A) supplemented with 10% fetal calf serum, 2% penicillin-streptomycin, and 2 mM L-glutamine and plated on 24-well plates (Nunc/ Costar) 24 -27 h prior to transient transfection. 75-90% confluent cells were incubated 30 min in serum-free Dulbecco's modified Eagle's medium using the recombinant vaccinia/T7 virus vTF (30) and then transfected with 0.5 g of DNA/well using LipofectAMINE (2 g/well) (Roche Molecular Biochemicals). Uptake was initiated ϳ19 h after transfection, using L- [2,3- 3 H]aspartic acid (ARC, St. Louis, number ART211, 32 Ci/mmol) at 2 Ci/ml uptake solution (in mM); NaCl 150, potassium P i 5, MgSO 4 0.5, CaCl 2 0.3, pH 7.4. Endogenous HeLa cell uptake and effect of transfection was assayed by transfecting cells with the pBluescriptSK(Ϫ) vector alone. Cells were washed twice in 37°C uptake solution containing choline chloride instead of NaCl before 200 l/well radioactive uptake solution was added. Uptake was stopped after 10 min by removing the transport solution. Subsequently the cells were washed twice in cold sodium uptake solution before lysis by 1% SDS (500 l/well) and transferal to scintillation vials. For dose-response experiments L- [2,3- 3 H]aspartic acid was supplemented with non-radioactive L-aspartate (prepared in equimolar Tris-OH), and NaCl was replaced by equimolar choline chloride or LiCl in NaCl titration experiments (data not shown).
cRNA Transcription, Injection, and Oocyte Preparation-Capped run-off cRNA transcripts were made from transporter constructs in pOG 2 linearized with SacI using mMessage mMachine (Ambion). Oocytes were removed from anesthetized X. laevis frogs and treated with collagenase (type1A, Sigma number C-9891) until capillaries were absent and injected with 50 nl of diluted or undiluted cRNA the same or the next day. Oocytes were maintained in modified Barth's saline (in mM); NaCl 88, KCl 1, MgSO 4 1, NaHCO 3 2.4, CaCl 2 1, Ca(NO 3 ) 2 0.3, HEPES 10, pH 7.5, with freshly added sodium pyruvic acid 2, and theophylline 0.5 and supplemented with 10000 units/l penicillin, 10 mg/l streptomycin, 50 mg/l gentamicin.
Oocyte Electrophysiology and Uptake-Oocytes were placed in the recording chamber, penetrated with two micropipettes (backfilled with 2 M KCl, resistance varied between 0.5 and 2 M⍀), and voltage clamped using GeneClamp 500 (Axon Instruments) and digitized using Digidata 1200A (Axon Instruments) both controlled with the pClamp6 suite (Axon Instruments). Currents were acquired with Clampex6.03 at 10 kHz every 2 ms. Oocytes were stepped from Ϫ100 mV to ϩ40 mV in ϩ10 mV increments, using Ϫ25 mV as holding potential. Each potential was held clamped for 250 ms. The membrane potential was measured relative to an extracellular Ag/AgCl electrode in the recording chamber. Penetrated oocytes were gravity-perfused with Ringer buffer (in mM): NaCl 130, KCl 2.5, CaCl 2 1.8, MgCl 2 1.0, HEPES/Tris 1, pH 7.4. NaCl was replaced with equimolar LiCl or choline chloride in dose-response experiments. For thiocyanate experiments: 2.5 mM KCl was replaced with 20 mM KSCN, and the 130 mM NaCl was replaced with either 110 mM NaCl, 110 mM choline chloride, or 110 mM LiCl (NaSCN, LiSCN, or choline thiocyanate Ringers, respectively). In these experiments, the extracellular Ag/AgCl electrode was placed in 2 M KCl and connected with an agar/2 M KCl bridge into the recording chamber. Steady-state net currents (defined as (I bufferϩLasp )-(I buffer )) were analyzed using Clampfit6.05 and Origin6.1 (Microcal). Unless stated otherwise oocytes were perfused in Ringer Ϯ 300 M L-aspartate (Sigma, A-8949, 0.5 M stock made in Tris-OH buffer). For uptake, five oocytes were preequilibrated for 5 min in Ringer and transferred to 500 l of Ringer with 62 nM L- [2,3- 3 H]aspartic acid (32 Ci/mmol), and the uptake was stopped after 20 min by washing the oocytes several times in Ringer. The oocytes were then transferred to scintillation vials and lysed with 1% SDS, and scintillation fluid was added. Radioactive decay was measured by scintillation counting (Kontron Instruments). We found that the relation between oocyte survival and cRNA concentration was always inversely proportional. Dilutions of cRNA were injected to increase the survival, with the result of lower expression. Therefore, data have been normalized when appropriate. The expression level in oocytes, as assayed by uptake or currents, peaked at days 4 -7.
Data Analysis-In the experiments involving dependence of the net current on the substrate concentration (sodium or L-aspartate), we have displayed for clarity the results obtained at two voltages: Ϫ60 and Ϫ100 mV. Data points were connected by lines drawn with parameters determined from fitting net currents (I) to Equation 1,
with S representing Na ϩ or L-aspartate. Imax (maximum current) was fixed and K m and n were allowed to vary.
In Fig. 7B the data were fitted using a two-site independent model defined by Equation 2,
with a fixed Imax 1 and Imax 2 for each individual oocyte and defining Imax 1 as the current at 100 M L-aspartate and Imax 2 as the difference between the current obtained at 5 mM L-aspartate and Imax 1 .
RESULTS

Mutagenesis of the Conserved Stretch 366 NMDGT 370 -The stretch Asp
366 -Met-Asp-Gly-Thr 370 (EAAC-1 numbering) is conserved in all eukaryotic sodium-coupled glutamate transporters. This stretch has been implicated to be important for the interaction of the transporters with sodium (26) . As a first step to examine this idea, we have made conservative substitutions at each of these positions and examined the sodium-dependent L-[
3 H]aspartate transport of the mutant transporters transiently expressed in HeLa cells (Fig. 1) . The mutant in which threonine-370 is replaced by serine, T370S, exhibits significant transport, around 50% of that of the wild type (Fig.  1 ). Threonine 370 is important for expression of transport because no detectable activity is observed when it is replaced by alanine (T370A, Fig. 1 ), and the same is true for the corresponding threonine residue in the GLT-1 transporter (replacements to alanine, cysteine, or asparagine, data not shown). Asparagine 366 is also essential as judged from the lack of activity of the N366D and N366Q mutants, and the same is true for asparagine 368 (Fig. 1) . The corresponding aspartate is also essential for functional expression in GLT-1 (28) . Very low transport is observed in replacement mutants of methionine 367 and glycine 369 (Fig. 1) .
Altered Ion Selectivity in T370S-To compare the cation dependence of the uptake of L-[ 3 H]aspartate by wild type and the T370S mutant with that of their respective transporter-associated currents, cRNA was prepared and injected in X. laevis oocytes. Although uptake of L-[ 3 H]aspartate by wild type EAAC-1 is sodium-dependent, also lithium can support considerable uptake (Fig. 2) . A strikingly different situation is observed in the T370S mutant. Here only sodium, but not lithium, supports the uptake (Fig. 2) . In both cases uptake obtained in choline media was indistinguishable from those with uninjected oocytes (data not shown selectivity is observed when uptake is measured in HeLa cells (data not shown).
A similar cation selectivity change in the mutant is observed when transporter currents are recorded from the oocytes (Fig.  3) . Thus, L-aspartate-induced currents are observed in the wild type both in sodium-and lithium-containing media (Fig. 3A) . However, in the T370S mutant transporter currents are observed only in sodium-containing media (Fig. 3B) .
Substrate-gated Anion Conductance in EAAC-1 Wild Type and T370S-It is well established that uptake of excitatory amino acids by all cloned glutamate transporters thus far characterized, results in the activation of a current reflecting the sum of two currents. The first is a non-reversing inward rectifying current (reflecting the coupled cycle), whereas the second is a reversing non-rectifying anion current that is thermodynamically uncoupled (16, 17, 21) . Indeed, in sodium-containing media, the currents induced by L-aspartate in wild type EAAC-1 reverse around 0 mV (Fig. 3A) . Moreover, in experiments where part of the external chloride (20 mM) is substituted by thiocyanate, larger outward currents are observed that reverse at more negative potentials (around Ϫ25 mV, Fig.  4A ). The latter anion has a much higher permeability (Ϸ70-fold) than chloride (16, 31) . Strikingly, in lithium-containing media no reversal of the current is seen in the absence (Fig. 3A) or presence of external thiocyanate (Fig. 4A ). It appears therefore that while sodium and lithium can both support L-[
3 H]aspartate uptake as well as the coupled current in wild type EAAC-1, the L-aspartate-induced anion conductance is only observed in sodium. Thus, in the T370S mutant where lithium cannot support the coupled uptake, no L-aspartate-induced currents are observed in the presence of this cation, neither in the absence (Fig. 3B) nor the presence of thiocyanate (Fig. 4B) . The responses observed with the mutant in lithium are indistinguishable from those obtained in the presence of the inert choline (Figs. 3B and 4B) . The L-aspartate-induced currents in T370S do not reverse in chloride-containing media -at least up to ϩ40 mV (Fig. 3B) . This indicates that the anion conductance is lower in this mutant but not necessarily absent. Since the current observed is the sum of the contributions of the coupled and uncoupled fluxes, it is possible that at ϩ40 mV, T370S exhibits a small outward current (due to the entry of chloride), but it is masked by a coupled inward current of almost the same size. The same measurements done in the presence of the highly permeant thiocyanate anion show that the anion conductance pathway indeed exists as current reversal is observed in sodium media (Fig. 4B) .
Sodium and Substrate Affinities in the T370S Mutant-To examine if the mutation has changed the affinity of the transporter for sodium in addition to its change in selectivity, transport currents of wild type and mutant have been compared at varying extracellular sodium concentrations (choline substitution, Fig. 5, A and B) . In the wild type saturation at around 100 mM sodium is observed with a half-maximal activation at 18 Ϯ 0.3 mM at Ϫ100 mV and 13 Ϯ 2.5 mM at Ϫ60 mV (n ϭ 3) (Eq. 1) (Fig. 5A) . The process appears to be cooperative with a Hill number of 1.6 Ϯ 0.1 at both holding potentials. In the mutant no saturation is observed in the entire range in which these experiments are feasible, 0 -130 mM sodium (Fig. 5B) . At around 50 mM sodium approximately half the current of that measured at 130 mM is observed (Fig. 5B) .
When lithium is used as a sodium substituent rather than choline, the increment in current observed in the wild type behaves as a rectangular hyperbola with a half-maximal acti-
FIG. 2. Cation dependence of L-[
3 H]aspartate uptake in oocytes expressing wild type and T370S transporters. In EAAC1, lithium supports 45% of that in sodium Ringer while the uptake in lithium by T370S mutant is indistinguishable from that by non-injected oocytes. The uptake by oocytes expressing T370S in sodium Ringer is 55-85% of that of wild type EAAC1. Data are mean Ϯ S.E., n ϭ 14 from four different batches. The "uptake" by non-injected oocytes, in sodium and lithium Ringers from the same batches is shown for comparison (choline Ringer uptake by injected or non-injected oocytes is indistinguishable from these; data not shown). cRNA injection and Ringer solutions are described under "Experimental Procedures."
FIG. 3. Cation dependence of L-aspartate-induced currents mediated by wild type and T370S transporters.
Normalized currents induced by L-aspartate (300 M) at the indicated potentials in choline, lithium, and sodium Ringers are shown for EAAC1 (A) and T370S (B). While the EAAC1 sodium currents clearly reverse they do not do so in lithium (A). T370S clearly carries a current in sodium but not in lithium. Lithium currents are indistinguishable from those in choline (B). The voltage dependence of steady-state net currents (defined as (I bufferϩLasp )-(I buffer )) are normalized to those at Ϫ100 mV in sodium Ringer. Data are mean Ϯ S.E., n ϭ 7 from three different batches (A) or n ϭ 9 from four different batches (B). The absolute net currents at Ϫ100 mV in NaCl ranged from Ϫ400 nA to Ϫ1000 nA (A) and from Ϫ350 nA to Ϫ800 nA (B). Voltage protocol and Ringer composition as described under "Experimental Procedures." vation between 5-10 mM sodium (Fig. 6A) . Again, in contrast to wild type (Fig. 6A) , no saturation is achieved in T370S at concentrations as high as 130 mM sodium (Fig. 6B) . Thus, in the mutant the activation curve by sodium is similar regardless whether choline (Fig. 5B) or lithium (Fig. 6B ) is used as a substituent. When the lithium concentration dependence is monitored in the wild type in the absence of sodium (choline substitution) a sigmoid behavior is observed (data not shown).
The concentration dependence of the wild type currents on L-aspartate is shown in Fig. 7A . In the wild type the apparent affinity is around 10 M and is almost voltage independent: 14 Ϯ 1 M at Ϫ60 mV, 11 Ϯ 0.5 M at Ϫ100 mV (n ϭ 3). This independence of the apparent K m on the membrane potential agrees well with previous studies by others (32, 33) . In the T370S mutant the curve can be fitted by two independent components (Eq. 2): one of high affinity similar to that of the wild type and another with an apparent K m of 1120 Ϯ 50 M (Ϫ60 mV, n ϭ 3) and 1270 Ϯ 20 M (Ϫ100 mV, n ϭ 3), assuming saturation at 5 mM L-aspartate. We have observed that the apparent affinity constants of L-[ 3 H]aspartate uptake (tested up to 120 M) are similar in wild type, 18.7 Ϯ 0.9 M and T370S mutant, 21.7 Ϯ 0.9 M (n ϭ 3). Thus it appears likely that the low-affinity component of the current observed in the mutant is due to that of the uncoupled current.
Altered Ion Selectivity in Mutant G410S-The ability of lithium to support radioactive substrate flux in wild type EAAC-1 is intriguing, since we have documented that in the astroglial glutamate transporter, GLT-1, only sodium is capable of doing so (34) . Strikingly, mutation of serine 440 of GLT-1 to glycine, the residue occupying this position in the other glutamate transporters, caused a broadening of the sodium selectivity for electrogenic acidic amino acid uptake (34) . We reasoned that the reverse also could be true, mutation of this glycine in EAAC-1 to serine (G410S) might confer the phenotype of GLT-1, a stringent sodium specificity, upon EAAC-1. The data presented in Fig. 8 indicate that this idea indeed is correct. Similar to the data with the T370S mutant, L-aspartate-induced currents, with or without thiocyanate, are observed only in sodium and not in lithium media (Fig. 8) . This selectivity change is also observed with fluxes of L- 
DISCUSSION
Our results show that in wild type EAAC-1 lithium can substitute for sodium in the coupled uptake (Fig. 2) and current (Fig. 3A) but not in the substrate-gated anion conductance (Figs. 3A and 4A ). This more stringent sodium requirement for activating the anion current indicates that at least one of the steps in this gating process is not shared with those leading to sodium-coupled glutamate/aspartate translocation. This conclusion is reinforced by the fact that in two mutants, T370S and Fig. 3B ) while lithium remains unable to induce any current (B). Data are mean Ϯ S.E., n ϭ 5 from four different batches (A) and n ϭ 4 from two different batches (B). The absolute net currents at Ϫ100 mV in NaSCN ranged from Ϫ800 nA to Ϫ2000 nA (A) and from Ϫ350 nA to Ϫ600 nA (B). Voltage protocol and thiocyanate substitution are described under "Experimental Procedures. "   FIG. 5 . Dependence of L-aspartate-induced currents on the sodium concentration (choline substitution). Normalized steadystate net current is shown for EAAC1 (A) and T370S (B) at Ϫ60 mV and Ϫ100 mV. While EAAC1 shows saturation (A) T370S does not (B). Data are mean Ϯ S.E., n ϭ 3 from two batches (A) and mean, n ϭ 2 from one batch (B). The absolute net currents at Ϫ100 mV in sodium Ringer ranged from Ϫ580 nA to Ϫ695 nA (A) and from Ϫ650 nA to Ϫ680 nA (B). Voltage protocol and ion substitutions are described under "Experimental Procedures." Data from other batches exist identical to A and B, but in those experiments the sodium concentration of the Ringer solution was 96 rather than 130 mM. G410S, the sodium/lithium selectivity ratio of the transport mode is changed, whereas that of the anion-conducting mode is not (Figs. 2, 3, 4, and 8 ). Our observations are in harmony with kinetic experiments that indicate that the onset of the uncoupled current is delayed compared with that of the coupled current (35) (36) (37) and also with the different pH profiles of these two currents (38) . Possible interrelationships of the coupled and uncoupled fluxes are shown in Fig. 9 . The sodium-coupled glutamate translocation, with the participating potassium ion and proton omitted for simplicity, is represented by steps 1-4 ( Fig. 9 , C ϭ Na). After binding of sodium and glutamate on the extracellular side (step 1), the translocation complex is formed. After translocation (step 2), the substrates are released on the intracellular side (step 3). The unloaded transporter binds potassium (not shown) and after translocation to the outside (step 4), potassium is released and the transporter is ready to start a new cycle. Because the very substrates that are transported also gate the anion conductance, most models (35) (36) (37) propose a transition step of the outward facing substrate loaded transporter to an anion-conducting state (Fig. 9 , out T* 3Na, Glu ). However, our data indicate that for the gating of the anion conductance, at least one of the sodium ions cannot be replaced by lithium (Fig. 9) . On the other hand, in the translocation cycle of EAAC-1 all three sodium ions are promiscuous, lithium can replace them (Figs. 2 and 3) , and this is visualized in Fig. 9 (C ϭ Li, steps 1-4). It is important to note that the functional knowledge of the coupled and uncoupled fluxes is not paralleled by structural insights, especially in the case of the uncoupled process. It has been suggested that the same translocation pathway may be used for both processes (16) , but an alternative speculation is that the coupled flux occurs within a glutamate transporter monomer, whereas the anion conducting pathway is formed in the space between the monomers in a pentameric structure (39) . It is of interest to note that mutants T370S and G410S both exhibit a reduced anion permeability (Figs. 3, 4, and 8 ). This suggests a link between the way sodium is bound to the transporter and the gating of the anion conductance, although the molecular basis for this is unclear at present.
Regarding the coupled cycle, it is of interest to note that the sodium selectivity of EAAC-1 is different from that of GLT-1. In the latter, lithium cannot replace sodium and this is apparently FIG. 6 . Dependence of L-aspartate-induced currents on the sodium concentration (lithium substitution). The normalized steady-state net current is shown for EAAC1 (A) and T370S (B) at Ϫ60 mV and Ϫ100 mV. While EAAC1 saturates (A) T370S does not (B). The zero % level in EAAC1 corresponds to the current in Ringer containing lithium alone and is 25% at Ϫ60 mV and 50% at Ϫ100 mV of that containing sodium alone. When lithium is varied using substitution by choline the response by EAAC1 appears sigmoidal (data not shown). Data are mean Ϯ S.E., n ϭ 3. The absolute net currents at Ϫ100 mV in sodium Ringer ranged from Ϫ460 nA to Ϫ495 nA (A) and from Ϫ320 nA to Ϫ740 nA (B). Voltage protocol and ion substitutions are described under "Experimental Procedures. "   FIG. 7 . L-Aspartate concentration dependence of the induced current. The normalized steady-state net currents are shown for EAAC1 (A) and T370S (B) at Ϫ60 mV and Ϫ100 mV. EAAC1 currents can be described by a rectangular hyperbola that saturates with an EC 50 ϭ 14 Ϯ 1 at Ϫ100 mV and an EC 50 ϭ 11 Ϯ 0.5 at Ϫ60 mV (A). These means are not significantly different at the 0.05 significance level. In contrast, in T370S a high affinity population and a low affinity population are apparent (B). These populations can be described by a two-site independent binding model with similar high affinity as wild type and a low affinity site in the low mM range (estimated to 1120 Ϯ 48 M at Ϫ60 mV and 1274 Ϯ 23 M at Ϫ100 mV assuming saturation at 5 mM L-aspartate). Data are mean Ϯ S.E., n ϭ 3. The absolute net currents at Ϫ100 mV in sodium Ringer ranged from Ϫ450 nA to Ϫ650 nA (A) and from Ϫ600 nA to Ϫ1200 nA (B). Voltage protocol and ion substitutions are described under "Experimental Procedures." because one of the three sodium ions cannot be substituted by lithium (34) . Mutation of a single serine to glycine, this latter residue occupies the position of serine 440 in all other eukaryotic glutamate transporters, leads to a broadened sodium selectivity; the "specific" sodium site can now also accept lithium (34) . Further evidence for this idea is provided by the fact that, in the "reverse mutant" G410S-EAAC-1, lithium cannot replace sodium in supporting the coupled flux (Fig. 8) . Unlike wild type EAAC-1, where lithium by itself can sustain steps 1-3 ( Fig. 9) , this is no longer true for G410S-EAAC-1, which has become similar to GLT-1 in this regard. Since three sodium ions are translocated in each cycle, other residues involved in their binding should be identifiable. One such residue is threonine 370. In the T370S mutant only sodium, but not lithium, can support the translocation cycle (Figs. 2 and 3 ). Since multiple residues far away in the primary sequence but close in space may ligand a single sodium ion, it is not clear if threonine 370 and glycine 410 control the specificity of the same or different sodium ion binding sites. The residue(s) involved in liganding the third sodium ion are yet to be identified. Possible candidates are the essential asparagine 366 and aspartate 368 (Fig.  1) as well as essential aspartate residues in transmembrane domain 8 (28, 40) . Asparagine 366 and aspartate 368 would be close, at least in the primary structure, to threonine 370. But this does not rule out the possibility that they may be involved in the binding of separate sodium ions. Examination of the high resolution structure of the Ca 2ϩ -ATPase reveals that even a single aspartate residue can participate in the simultaneous liganding of two calcium ions (41) . Further information on the interrelationship of residues controlling sodium selectivity will require information on the transporter's tertiary structure. In fact, we are now probing distances between various domains of the glutamate transporters by engineering pairs of cysteines and studying the impact of their oxidative cross-linking on transporter function. ϩ (Na ϩ or Li ϩ )/Glu Ϫ to out T leads to coupled flux (steps 1-4). Opening of the anion pathway ( out T * 3Na, Glu ) can only take place in the presence of sodium (C ϭ Na) . Our results indicate that gating of the anion conductance cannot take place in the presence of lithium as indicated by the two bars. The states with potassium and proton have been omitted for simplicity.
